Systematic Entomology (2007), 32, 420-428

DOI: 10.1111/5.1365-3113.2007.00385.x

Double trouble for grasshopper molecular systematics:
intra-individual heterogeneity of both mitochondrial
12S-valine-16S and nuclear internal transcribed spacer
ribosomal DNA sequences in Hesperotettix viridis

(Orthoptera: Acrididae)

GREGORY A. SWORD!"2, LAURA B. SENIOR!, JOHN F. GASKIN"

and ANTHONY JOERN?

"Northern Plains Agricultural Research Laboratory, United States Department of Agriculture, Agricultural Research
Service, Sidney, Montana, U.S.A., 2School of Biological Sciences, The University of Sydney, NSW, Australia.
*Division of Biology, Kansas State University, Manhattan, Kansas, U.S.A.

Introduction

Abstract. Hesperotettix viridis grasshoppers (Orthoptera: Acrididae: Melanoplinae)
exhibit intra-individual variation in both mitochondrial 12S-valine-16S and
nuclear internal transcribed spacer (ITS) ribosomal DNA sequences. These findings
violate core assumptions underlying DNA sequence data obtained via polymerase
chain reaction (PCR) amplification for use in molecular systematics investigations.
Undetected intra-individual variation of this sort can confound phylogenetic analyses
at a range of taxonomic levels. The use of a DNA extraction protocol designed to
enrich mitochondrial DNA as well as an initial long PCR of approximately 40% of
the grasshopper mitochondrial genome failed to control for the presence of
paralogous mitochondrial DNA-like sequences within individuals. These findings
constitute the first demonstration of intra-individual heterogeneity in mitochondrial
DNA-like sequences in the grasshopper subfamily, Melanoplinae, and only the
second report of intra-individual variation in nuclear ITS ribosomal DNA sequences
in grasshoppers. The fact that intra-individual variation was detected in two
independent DNA marker sets in the same organism strengthens the notion that
the orthology of PCR-derived DNA sequences should be examined thoroughly prior
to their use in molecular phylogenetic analyses or as DNA barcodes.

phylogenetic analyses are that: (1) the PCR product
obtained is the desired target sequence, and (2) all of the

The rapid evolution and ease of polymerase chain reaction
(PCR) amplification of both mitochondrial genes (mtDNA)
and internal transcribed spacer regions (ITS1 and 2) of
nuclear ribosomal DNA (rDNA) have facilitated the use of
these sequences as genetic markers in numerous population-
level phylogeographical and species boundary investigations
(Hillis & Dixon, 1991; Simon et al., 1994; Hillis et al., 1996;
Avise, 2004). Two important assumptions underlying the
use of PCR amplification and direct DNA sequencing in
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amplified DNA sequences represent a single orthologous
locus that is invariant within individuals, but homologous
due to common ancestry with sequences obtained from
other individuals (Palumbi, 1996; Sanderson & Shaffer,
2002). A growing number of examples indicate that these
assumptions are routinely violated due to the presence of
intra-individual variation in DNA sequences that share
homology as a result of gene duplication events rather than
common ancestry. If undetected, the amplification and
sequencing of these paralogous loci can potentially con-
found molecular phylogenetic analyses (Sorenson & Quinn,
1998; Bensasson et al., 2001a; Alvarez & Wendel, 2003;
Funk & Omland, 2003).
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Intra-individual variation in mtDNA sequences can arise
due to mitochondrial heteroplasmy or gene duplications
(Bensasson et al., 2000, 2001a), although there is little
evidence to suggest that such events have influenced the
outcome of phylogenetic analyses (Rokas et al., 2003;
Ballard & Whitlock, 2004; Thalmann et al., 2004). However,
another source of intra-individual variation that has
received considerable attention of late is the integration of
mtDNA into the nuclear genome. This cytoplasmic transfer
of organelle DNA results in nuclear-mitochondrial pseudo-
genes (numts) (Lopez et al., 1994) that have been found in
a variety of animal species (Zhang & Hewitt, 1996; Bensas-
son et al., 2001a; Richly & Leister, 2004). Numts appear to
be particularly common in the Orthoptera, especially among
grasshoppers (family: Acrididae). Grasshopper numts can
exist in high copy numbers and have been identified in at
least 14 different grasshopper species representing five
different subfamilies, the Calliptaminae, Cyrtacanthacridinae,
Gomphocerinae, Oedipodinae and Podisminae (Zhang &
Hewitt, 1996; Bensasson et al., 2000, 2001a).

When encountered, one way to deal with a mtDNA
paralogy problem is to select an independent marker. The
ITS region of nuclear ribosomal genes is also popular for use
in phylogenetic analyses at lower taxonomic levels in many
taxa, including insects (Loxdale & Lushai, 1998; Worheide
et al., 2004). In the eukaryotic genome, the nuclear ITS
regions are part of a larger rDNA array that exists typically in
several hundred tandemly repeated copies (Hillis & Dixon,
1991). The nucleotide sequences of these arrays are thought to
be homogenized within populations by concerted evolution
(Liao, 1999; Avise, 2004). Despite this, intragenomic varia-
tion in ITS sequences has been found in several different
species, including grasshoppers (Vogler & Desalle, 1994; Leo
& Barker, 2002; Parkin & Butlin, 2004; Woérheide ez al., 2004).

The widespread occurrence of intragenomic variation has
prompted some investigators to suggest that the orthology
of PCR products should always be tested and not assumed
(Dowling et al., 1996). Here we demonstrate that the
orthology assumption is violated in Hesperotettix viridis
(Orthoptera, Acrididae, Melanoplinae) grasshoppers for
both 12S-valine-16S mtDNA and nuclear ITS rDNA se-
quences. This example of intra-individual heterogeneity in
two independent DNA marker sets within the same species
provides further support for the notion that the orthology of
PCR-amplified DNA sequences should not be an a priori
assumption in molecular applications such as phylogenetics
or DNA barcoding.

Materials and methods

This report stems from an attempt to develop 12S-valine-
16S mtDNA and nuclear rDNA ITS sequences as markers
for use in an analysis of host plant-associated genetic
differentiation in H. viridis. Initial attempts to sequence
both gene regions directly from PCR products obtained
using whole genomic DNA extractions in conjunction with
published universal primers resulted in evidence of multiple
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DNAs amplified during PCR. Peaks under peaks, suggest-
ing the presence of more than one type of base at a given site,
were evident in the sequence chromatograms, some sub-
stantial enough to result in unresolved base calls and
occasionally unresolved reads over larger regions. As a re-
sult, we set out to test the orthology hypothesis and screened
for the presence of heterogeneous DNAs in our PCR pro-
ducts using a clone and sequence approach. In the case of
mtDNA, we also used the same cloning approach to examine
the efficacy of a nested long PCR technique in which a large
~6000 bp portion of the ~15 700 bp grasshopper mitochon-
drial genome (Flook et al., 1995) was amplified initially in
an attempt to control for the presence of numts (Roehrdanz
& Degrugillier, 1998; Bensasson et al., 2001a).

DNA extractions

DNA extractions were conducted on five H. viridis
individuals hereto referred to as A, B, C, D and E.
Individuals A, B, C, D and E correspond to insects AS-3,
KS-2, KG-1, KS-3 and AS-4, respectively, in the amplified
fragment length polymorphism (AFLP) analysis of Sword
et al. (2005), but were used first in this study without prior
knowledge of the relationships among populations. A hind
femur of each grasshopper was ground with 20 mg of sterile
white quartz sand in a 1.5 mL microfuge tube using dispos-
able plastic pestles. DNA extractions were conducted using
Qiagen DNeasy tissue kits following the animal tissue
protocol (Qiagen, Valencia, California, U.S.A.). An addi-
tional extraction designed to enrich mtDNA was conducted
with specimen C using the alkaline lysis protocol of Tamura
& Aotsuka (1988) with 32 mg of thorax and leg muscle
tissue. Extractions were stored at —20 °C.

mtDNA PCR

The 12S-valine-16S mtDNA region was amplified from
insects A, B and C using universal mtDNA primers
modified for consistency with the Locusta migratoria
mitochondrial genome (16Sa, LR-J-13417: 5'-ATGTTTTT-
GATAAACAGGCG and 12Sc, Sr-N-14275: 5'-
AAGGTGGATTTGATAGTAAT) (Simon et al., 1994,
Flook et al., 1995). Template DNA used for individual A
was that extracted according to Tamura & Aotsuka (1988)
to examine the effectiveness of this protocol in enriching
mtDNA and potentially eliminating numts. PCR reactions
contained 1 pL genomic DNA at extracted concentration,
0.2 mm dNTPs, 0.75 pL (2.5 U) AmpliTag DNA poly-
merase (Applied Biosystems, Foster City, California,
U.S.A)), 1 x GeneAmp PCR buffer (Applied Biosystems),
1 pwm each primer and milliQ water in a final volume of 100
pL. Cycling conditions were 94 °C for 5 min; 35 cycles of 1
min at 94 °C, 1 min at 48 °C and 1 min at 72 °C; and a final
extension time of 5 min at 72 °C. PCR products were
screened for expected size (~940 bp) under ultraviolet light
on agarose gels stained with ethidium bromide, then cloned
as described below.
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mtDNA nested long PCR

We employed a long PCR to amplify ~40% (~6000 bp)
of the mitochondrial genome of the same individuals
screened above (A, B and C) to determine if it could isolate
mtDNA, thereby eliminating suspected numt contamina-
tion. The primers were from Roehrdanz & Degrugillier
(1998), but modified slightly to conform to the mtDNA
sequence of Locusta migratoria (Flook et al., 1995). They
were 12S (5'-AGACTAGGATTAGATACCCTATTAT)
and N4 (5'-GGAGCTTCAACATGAGCCTT) using the
notation of Roehrdanz & Degrugillier (1998). The Expand
Long Template PCR system was employed following the
manufacturer’s system 3 protocol (Roche Diagnostics,
Basel, Switzerland). The reactions contained 125 ng of
template DNA derived from the H. viridis whole genomic
DNA extractions, Expand Long Template buffer 3 (10x
concentration with 27.5 mm MgCl,), an additional 1.25 mm
MgCl,, 0.5 mm dNTPs, 300 nm each primer, 0.75 pL (3.75
U) Expand Long Template Enzyme mix, and milliQ water in
a final volume of 50 pL. Cycling conditions were 92 °C for
2 min; ten cycles of 10 s at 92 °C, 30 s at 55 °C and 13 min at
68 °C; 20 cycles of 10 s at 92 °C, 30 s at 55 °C and 13 min at
68 °C +20 s for each successive cycle; and a final extension
time of 7 min at 68 °C. The ~6000 bp long PCR products
were visualized under ultraviolet light on agarose gels
stained with ethidium bromide and gel extracted using
the GENECLEAN Turbo Nucleic Acid Purification Kit
(Qbiogene, Carlsbad, California, U.S.A.).

For each sample, the purified long PCR putative mtDNA
products from each individual were used as a template for
a subsequent PCR using the universal mtDNA primers and
reaction conditions as described above. The resultant ~940
bp products were gel purified using the QIAquick Gel
Extraction Kit (Qiagen) and then cloned as described below.

ITS PCR

The ITS1-5.8S-1TS2 nuclear rDNA regions of specimens
D and E were amplified using eukaryote-specific primers
as per Weekers er al. (2001) (5'-TAGAGGAAG-
TAAAAGTCG and 5'-GCTTAAATTCAGCGG). PCR
reactions contained 1 pL of genomic DNA, and contained
0.2 mm dNTPs, 1.25 U AmpliTaq Gold polymerase
(Applied Biosystems), 1x GeneAmp PCR Gold buffer
(Applied Biosystems), 1% dimethylsulphoxide (DMSO), 0.5
M each primer and milliQ water to a final volume of 50 p.L.
Cycling conditions were 95 °C for 10 min; 35 cycles of 30 s at
95 °C, 30 s at 55 °C and 1 min at 72 °C; and a final extension
time of 7 min at 72 °C. The PCR products were gel screened
for appropriate size as described above and cloned as below.

Cloning and sequencing

The cloning of both mtDNA and nuclear rDNA was in
accordance with the manufacturer’s instructions for the

TOPO TA Cloning Kit for Sequencing (Invitrogen, Carls-
band, California, U.S.A.). PCR products were ligated into
pCR®-TOPO plasmids (Invitrogen). These plasmids were
used subsequently to transform One Shot® TOP10 Electro-
comp Escherichia coli (Invitrogen). Clones were incubated
overnight at 37 °C on LB plates with 50 pg/mL kanamycin.
For each specimen, multiple colonies were picked and
separately cultured overnight in LB broth containing 50
pg/mL kanamycin. The plasmids were prepared using the
QIAprep Spin Miniprep Kit (Qiagen) in accordance with the
manufacturer’s instructions. Prior to sequencing, all clones
were screened via restriction digest analysis to confirm the
presence of an insert of appropriate size.

Sequencing was accomplished using a Beckman
CEQ2000XL automated DNA analysis system (Beckman
Coulter, Fullerton, California, U.S.A.). The manufacturer’s
protocol was followed for sample preparation and dye
terminator cycle sequencing. For individuals A, B and C
(those amplified only with universal mtDNA primers), four,
eight and eight clones, respectively, were sequenced (Gen-
Bank/EMBL ascension numbers EF210398-EF210401,
EF210376-EF210383 and EF210416-EF210423). These
same individuals were used in the nested PCR (long PCR
followed by PCR using universal primers) and 14 clones of
each were sequenced (GenBank/EMBL ascension numbers
EF210402-EF210415, EF210384-EF210397 and
EF210424-EF210437). More clones were sequenced follow-
ing nested long PCR than standard PCR based on the
expectation that divergent sequences would be rare, if not
absent, and require a greater sampling effort to detect. For
individuals D and E (those amplified with ITS primers), ten
and nine clones, respectively, were sequenced (GenBank/
EMBL accession numbers EF213122-EF213140). All
clones were sequenced in both directions.

Analysis

Sequences were edited, aligned, and visually optimized in
SEQUENCHER 4.1.2 (Gene Codes, Ann Arbor, Michigan,
U.S.A.). Within individual pairwise sequence divergences
(uncorrected P distances) among clones were calculated in
pAUP 4.10b10 (Swofford, 2002). Intragenomic sequence
variation above that attributed to Tag polymerase error
was tested for by assessing the goodness of fit between the
expected and observed number of changes using the bino-
mial test (Sokal & Rohlf, 1995). The expected number of
Taq polymerase errors was calculated based on a Tag error
rate of 7.3 x 107> errors/bp/duplication (Kobayashi et al.,
1999). In our 12S-valine-16S amplifications, the expected
number of bp changes per individual assuming a maximum
937 bp target sequence in a 35 cycle PCR was 2.4. For the
ITS amplifications, the expected number of changes per
individual was 2.03 assuming a target sequence of a maxi-
mum 795 bp in a 35 cycle PCR. Because an additional PCR
step was introduced in our mtDNA nested long PCR
procedure, the probability of errors introduced by Tag error
should be higher. However, due to the high fidelity Taq used

© 2007 The Authors

Journal compilation © 2007 The Royal Entomological Society, Systematic Entomology, 32, 420-428



in long PCR with an error rate of 4.8 x 10°° errors/bp/
duplication (Roche Diagnostics), the expected number of
errors introduced during this initial PCR was only 0.13
changes per reaction. Adding this to the number of expected
changes in the second PCR results in a total of 2.53
(rounded to 3) expected changes following both bouts of
PCR. Based on these error rates, the probability of errors
per bp was calculated for each PCR using the maximum
observed sequence length and then used as the expected
frequency of changes in each binomial test.

BLAST searches (http://www.ncbi.nlm.nih.gov/BLAST/)
were conducted on highly divergent sequences to confirm
grasshopper origin. Haplotype networks for sequenced
clones from each gene region were estimated using statistical
parsimony (95%) in the software TCS (Clement ez al., 2000)
using the genealogical reconstruction algorithms of
Templeton ez al. (1992). Some clonal haplotypes were too
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distantly related to be connected to the network at the 95%
parsimony level, and in these cases the haplotypes were
connected by dashed lines to the perimeter drawn around
the network.

To identify potentially nonfunctional sequences among
our mtDNA clones, all cloned sequences were screened for
polymorphism at a number of phylogenetically conserved
motifs. Conservative motifs of > 5 bp were identified in an
alignment of 12S-valine-16S sequences from related grass-
hopper species representing five genera from two different
subfamilies outside of the Melanoplinae obtained from
a BLAST search using the most commonly obtained
haplotype from individual B (sequence B-2a in Fig. 1A).
Taxa used in the alignment and their respective GenBank
accession numbers were as follows: Cyrtacanthacridinae:
Schistocerca gregaria (AY605952), Cyrtacanthacris tatarica
(AY605953), Valanga sp. (AY605956), Acanthacris ruficornis

Fig. 1. A, Haplotype network for the 12S-
valine-16S mitochondrial DNA (mtDNA)
region for 20 sequenced clones from three
individual Hesperotettix viridis grasshop-
pers (A, B and C). Squares represent
haplotypes recovered, and circles along
lineages in between squares indicate hap-
lotypes not recovered. Each link between
haplotypes indicates one mutational event,

with indels, no matter what size, coded as

a single event. The angle of bifurcation
and the length of the link between haplo-
types have no significance. The perimeter
that surrounds the haplotype network in-
dicates haplotypes that could be connected
within the limits of parsimony (95%).
Haplotypes that could not be connected
to the network are connected to the perim-
eter by a dashed line. Cloned haplotypes
found to contain mutations in highly
conserved motifs are annotated with the
number of changes and their respective
character states (A = ancestral; D =
derived). B, Haplotype network as
described above for the 12S-valine-16S
mtDNA region for 42 sequenced clones
from the same three individuals following
an initial long polymerase chain reaction
amplification of ~40% of the mitochon-
drial genome in an attempt to control for

B-14b B-14b

the presence of nuclear-mitochondrial
pseudogenes.
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(AY605954), Nomadacris succincta (AY605955); Oedipodi-
nae: Locusta migratoria (X80245). Polymorphic bases or
indels among clones within these conserved regions were
identified and their ancestral vs. derived state relative to the
conserved motif was noted.

Results
Intra-individual heterogeneity in mtDNA sequences

Standard PCR amplification of the 12S-valine-16S
mtDNA region in individuals A, B and C yielded PCR
products that varied considerably within individuals
(Table 1; Fig. 1A). Overall, pairwise divergences of sequen-
ces within individuals ranged from 0 to 5.0% and varied in
length from 931 to 937 bp. Intra-individual heterogeneity
among the recovered clones could not be explained by Tag
polymerase errors during PCR for any of the individuals
(Table 1). Intra-individual variation was observed regard-
less of whether the initial template DNA used in the PCR
amplifications came from whole genomic DNA extractions
(individuals B and C) or an alkaline lysis extraction protocol
designed for the isolation of mtDNA (individual A). Gene
genealogy analysis of the 20 sequences obtained from the
three different individuals revealed that some of the sequen-
ces were not monophyletic with respect to the individual
genomes from which they were recovered (Fig. 1A).

Long PCR amplification of approximately 40% of the
grasshopper mitochondrial genome from whole genomic
DNA extractions of individuals A, B and C failed to control
for intra-individual heterogeneity in mtDNA sequences
(Table 1; Fig. 1B). Amplifications using the universal
mtDNA primers on ~6000 bp template DNA obtained
from long PCR resulted in mixed PCR products within
individuals that varied in pairwise sequence divergence from
0 to 1.7% and in length from 931 to 937 bp. The extent of
intra-individual variation among recovered clones could not
be explained by Tag polymerase error (Table 1). Gene
genealogy analysis of the 42 sequences obtained from the

three different individuals revealed that some of the sequen-
ces were not monophyletic with respect to the individual
genomes from which they were recovered (Fig. 1B). A
BLAST nucleotide search of the highly divergent sequences
shown in Fig. 1(A, B) placed them with those from other
grasshoppers, indicating that they were not a result of
extraneous contamination.

Examination of the variation among clones at phyloge-
netically conserved motifs > 5 bp within the sequenced 12S-
valine-16S region revealed that none of the most commonly
recovered haplotypes within individuals following either
standard or long PCR amplification contained mutations
in these conserved regions (Fig. 1A, B). Conversely, the
most divergent sequences that could not be reliably placed in
the haplotype networks (A-4a, C-4a and A-10b in Fig. 1A,
B) each contained a number of changes within the conserved
motifs, including shared ancestral polymorphisms present in
other taxa, but not among the other clones from H. viridis
individuals. Similarly, a majority of the singleton haplotypes
that could be reliably placed within the haplotype networks
also contained unique mutations within these conserved
motifs (Fig. 1). These changes in conserved regions were
observed in all five of the singleton haplotypes observed
following standard PCR (Fig. 1A) and in 18 of 30 singleton
haplotypes observed following long PCR (Fig. 1B)

Intra-individual heterogeneity in ITS sequences

PCR amplification of the ITS1-5.8S-ITS2 region of
nuclear rDNA in individuals D and E also resulted in
substantial intra-individual sequence variation (Table 1;
Fig. 2). Recovered clones within individuals ranged from
0 to 0.6% in pairwise sequence divergence and from 791 to
795 bp in length. The level of observed intragenomic
variation could not be accounted for by Taq polymerase
errors during PCR (Table 1). Gene genealogy analysis of the
19 sequenced clones recovered from the two individuals
revealed that sequences obtained from the same individual
were not monophyletic within individual genomes (Fig. 2).

Table 1. Summary of heterogeneity in 12S-valine-16S mitochondrial DNA (mtDNA) and internal transcribed spacer (ITS) nuclear ribosomal

DNA sequences in individual Hesperotettix viridis grasshoppers.

Template Total Unique Pairwise Length
Sequence Individual DNA clones clones divergence (%) (bp) Changes P
12S-valine-16S A Enriched mtDNA* 4 3 0-1.9 931-937 24 <0.0001
mtDNA long PCR 14 12 0-1.7 931-937 43 <0.0001
B Whole genomic 8 4 0-0.6 934 6 0.038
mtDNA long PCR 14 12 0-0.9 934 26 <0.0001
C Whole genomic 8 4 0-5.0 931-935 53 <0.0001
mtDNA long PCR 14 10 0-1.0 933-935 19 <0.0001
ITS1-5.8S-1TS2 D Whole genomic 10 8 0-0.6 793-794 10 <0.0001
E Whole genomic 9 8 0-0.5 791-795 10 <0.0001

*Tamura & Aotsuka (1988) protocol.
PCR, polymerase chain reaction.
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Fig. 2. Haplotype network for the ITS1-5.8S-ITS2 nuclear ribo-
somal DNA region for 19 sequenced clones from two individual
Hesperotettix viridis grasshoppers (D and E). Squares represent
haplotypes recovered, and circles along lineages in between squares
indicate haplotypes not recovered. Each link between haplotypes
indicates one mutational event, with indels, no matter what size,
coded as a single event. The angle of bifurcation and the length of
the link between haplotypes have no significance.

Discussion

Our results clearly demonstrate the presence in H. viridis
grasshoppers of intra-individual variation in both 12S-
valine-16S mtDNA and nuclear ITS rDNA sequences.
These findings violate the core assumption underlying
DNA sequence data obtained via PCR amplification for
use in molecular systematics investigations (Palumbi, 1996).
As described in detail elsewhere, unchecked intra-individual
variation of the sort documented here can result in errone-
ous conclusions in phylogenetic analyses at a range of
taxonomic levels (Zhang & Hewitt, 1996; Bensasson et al.,
2001a; Alvarez & Wendel, 2003). The fact that intra-
individual variation was detected in two independent
DNA marker sets in the same organism only serves to
strengthen the notion that the orthology of PCR-derived
DNA sequence data should be thoroughly examined prior
to its inclusion in molecular phylogenetic analyses. This is
further reinforced by the fact that both mtDNA and nuclear
rDNA ITS sequences have also been shown in separate
studies to vary within individuals of a different grasshopper
species, Chorthippus parallelus (Gomphocerinae) (Bensas-
son et al., 2000; Parkin & Butlin, 2004). These findings also
constitute the first demonstration of intra-individual het-
erogeneity in mtDNA-like sequences in the grasshopper
subfamily, Melanoplinae, and only the second report of
intra-individual variation in ITS rDNA sequences in grass-
hoppers (Parkin & Butlin, 2004).

As a result of the difficulties reported here in establishing
the orthology of 12S-valine-16S mtDNA and nuclear  DNA
ITS sequences, a third independent marker set, multilocus
AFLP markers, was employed to examine genetic diver-
gence among H. viridis grasshoppers associated with differ-
ent host plants (Sword er al., 2005). Using this approach,
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H. viridis was shown to exist as at least two genetically
distinct host plant-associated lineages with host plant
affiliation accounting for 20% of the observed genetic
variation between the different linecages. In the mtDNA
analyses presented here, individuals A and B were from one
of the genetically distinct lineages, whereas individual C was
from the other. Despite the considerable degree of genetic
divergence known to exist between these individuals, the
monophyly of the heterogeneous mtDNA sequences ob-
tained from them could not always be reliably established
(Fig. 1A, B).

The two individuals used in our analysis of intra-individ-
ual variation in ITS sequences (D and E) were not repre-
sentatives of the different H. viridis lineages, so a similar
contrast to that above cannot be made. Different sequences
obtained from each individual were clearly not monophy-
letic, however, and a number of different shared polymor-
phisms and shared haplotypes were recovered (Fig. 2).
Given that similar intra-individual variation in I'TS sequences
is known to occur in other grasshoppers (Parkin & Butlin,
2004), phylogenetic studies of closely related grasshopper
species using these data should be carefully controlled
for such variation. If intra-individual variation is present,
the degree of variation among paralogous sequences can
be assessed and incorporated into phylogenetic analyses
(Worheide et al., 2004).

With respect to mtDNA-like sequences in grasshoppers,
a major source of intra-individual heterogeneity is thought
to be due to the presence of numts (Bensasson ez al., 2000).
Because our attempts to isolate mtDNA were apparently
unsuccessful, we are currently unable to definitively differ-
entiate between numts and heteroplasmy as the source of the
intra-individual mtDNA sequence variation observed in
H. viridis grasshoppers. Interested readers are referred to
Bensasson et al. (2001a) for ways in which the identity and
origin of numts can be established, and their amplification
potentially avoided. Examining codon position substitution
bias as a means of identifying nonfunctional numt sequences
(Zhang & Hewitt, 1996; Bensasson et al., 2000) cannot be
applied to the nonprotein coding 12S-valine-16S rDNA
sequences examined here. Investigating the secondary struc-
ture of transcribed RNA molecules as a means of identifying
nonfunctional numts has also been suggested. However, in
a critical examination of the technique, Olson & Yoder
(2002) found the approach to be largely unreliable for the
identification of numts.

Given the limitations in identifying putative numts in
rDNA sequences, we utilized an alignment-based approach
to help differentiate between potentially functional and
nonfunctional mtDNA sequences by checking for poly-
morphism among clones in phylogentically conserved
motifs. Because mtDNA sequences inserted into the nuclear
genome are nonfunctional and therefore lack selective
constraints, mutations accumulated in phylogentically con-
served motifs may be indicative of numt status (Bensasson
et al., 2001a,b). A majority of the most common shared
haplotypes obtained from each individual following both
standard and long PCR amplifications did not contain
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changes in these conserved regions (Fig. 1). Although the
possibility of the preferential amplification of rDNA numts
cannot be ruled out on the basis of this evidence (Olson &
Yoder, 2002), it remains consistent with the amplification of
functional and high copy number true mtDNA sequences.
On the other hand, the most divergent sequences we
obtained shared a number of characteristics that suggest
that they could be of nuclear origin (Fig. 1). All contained
a variety of unique mutations in highly conserved motifs,
indicating that they could be nonfunctional numts. Even
more convincing was that these divergent sequences also
retained ancestral character states found among other
grasshopper species, but not in the other H. viridis clones.
This is consistent with the notion that these sequences
represent ancient nuclear translocations predating the evo-
lution of H. viridis.

Interestingly, a majority of the less divergent sequences
obtained also had mutations in phylogenetically conserved
motifs (Fig. 1A, B). If taken as evidence that these single-
tons are nonfunctional numts, this finding suggests that the
transfer of mtDNA to the nucleus in H. viridis may be an
ongoing and frequent process. This possibility is further
supported by the observation that the mtDNA and putative
numt sequences appear to be monophyletic within individ-
ual genomes (Fig. 1A, B). However, it is important to note
that the three individuals in Fig. 1(A, B) were from different
allopatric populations. Thus, although mtDNA and numts
would be expected to assort independently among individ-
uals within populations, recent nuclear introgression in
conjunction with restricted gene flow among populations
could account for the observed pattern of intra-individual
monophyly. Under this scenario, the observed monophyly
within individuals of numts and mtDNA should break
down with sampling of additional individuals from each
population. Alternative, but seemingly less probable, ex-
planations are either that these divergent singletons repre-
sent heteroplasmic haplotypes that are functional despite
mutations in highly conserved regions, or that the Tag error
rates experienced in this study were considerably higher
than published estimates.

One of most obvious ways to avoid the potential ampli-
fication of numts is to enrich mtDNA prior to PCR
amplification and sequencing (Bensasson ez al., 2001a).
Based on the assumption that numt contamination was
the source of our problems in direct sequencing of 12S-
valine-16S mtDNA, we tested the use of an alkaline lysis
protocol for the isolation of mtDNA (Tamura & Aotsuka,
1988) on individual A in order to enrich mtDNA and
potentially control for the presence of numts prior to
standard PCR. This commonly used procedure is a variation
of a protocol used to isolate plasmid DNA and has been
successfully employed to enrich mtDNA in organisms
known to harbour numts (Williams & Knowlton, 2001).
Despite this, one of the four sequenced clones from indi-
vidual A was highly divergent from the other A clones,
exhibiting up to 1.9% sequence divergence and containing
four changes in highly conserved motifs (Table 1; Fig. 1A).
The finding of a sequence probably of nuclear origin in one

of four clones indicates that our attempt to enrich mtDNA
was largely unsuccessful. Given that the Tamura & Aotsuka
(1988) protocol has been used successfully for similar
purposes in other taxa (Williams & Knowlton, 2001),
experimental error appears to be the most probable expla-
nation for our results in this case.

We also employed a nested long PCR approach in an
attempt to control for possible numt contamination, as
suggested by Roehrdanz & Degrugillier (1998) and utilized
by Bensasson et al. (2000) [note: Bensasson et al. (2000) used
enriched mtDNA as the initial long PCR template]. We first
amplified an ~6000 bp portion of the grasshopper mito-
chondrial genome. This PCR product was then used as
template DNA in a subsequent PCR amplifying the smaller
12S-valine-16S mtDNA target region. Even the application
of this technique failed to yield homogeneous PCR products
and substantial variation was still observed within individ-
uals, including many haplotypes that contained unique
mutations in highly conserved regions (Table 1; Fig. 1B).
Assuming that these variant clones are nonfunctional numts
as opposed to functional heteroplasmic haplotypes, these
results suggest that a considerable number of > 6000 bp
numts are present in the nuclear genome of H. viridis
grasshoppers. This may seem unlikely, but large nuclear
insertions of multiple copy number are known to occur in
other organisms, with one of the most notable examples
being in cats, where a 7.9 kb numt is present in the nuclear
genome as 38-78 tandemly repeated copies (Lopez et al.,
1994). In addition, a numt in humans is known to consist of
88% of the entire 16.5 kb mitochondrial genome (Tourmen
et al., 2002).

Our results elucidate a major potential pitfall in collecting
DNA sequence data via PCR for use in molecular phyloge-
netic analyses. Extreme care should be taken to ensure that
the presence of intra-individual variation is assessed and
that the orthology of compared sequences across taxa can be
assured. Our findings are particularly relevant to organisms,
such as grasshoppers, in which intragenomic variation is
known to be an issue (Zhang & Hewitt, 1996; Bensasson
et al., 2000; Parkin & Butlin, 2004). Acridid grasshoppers have
been used in many mtDNA-based phylogenetic analyses
(Chapco et al., 1997, 1999; Flook & Rowell, 1997a, b; Flook
et al., 2000; Knowles & Otte, 2000; Dopman et al., 2002;
Litzenberger & Chapco, 2003), but only recently have
grasshopper molecular systematics investigations begun to
incorporate explicit controls for the presence of intra-
individual sequence heterogeneity such as the clone and
sequence approach employed here (Lovejoy et al., 2006).
Importantly, neither the presence nor the full extent of
variation among different sequences within an individual is
necessarily evident from the examination of chromatograms
obtained when sequencing directly from PCR products. In
our study, the specific polymorphisms found among differ-
ent clones from the same individual were typically not
evident and did not directly correspond to difficult to
resolve regions of sequence chromatograms generated when
sequencing directly from the same PCR product. This was
presumably due in part to length heterogeneity among the
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different sequences, as well as differences in their relative
frequency following PCR amplification.

The findings presented here of yet another example of
intra-individual DNA sequence variation in grasshoppers
also highlights the need for caution in the use of DNA
barcoding for species taxonomy (Hebert et al., 2003). The
inadvertent analysis of paralogous DNA sequences is
known to be a weakness of DNA barcoding (Hebert et al.,
2003; Tautz et al., 2003) and can limit the utility of such an
approach for use in taxonomy and species identification
(Moritz & Cicero, 2004; Thalmann et al., 2004; Pons &
Volger, 2005).
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